We determined the pore-size distributions (PSDs) of 12 activated carbons (ACs) using a combination of density functional theory method from Kierlik and Rosinberg applied to slit-like pores and a regularization method. This combination of methods was applied to nitrogen adsorption isotherms at 77.35 K on the selected ACs, prepared by heat treatment of lignin impregnated with orthophosphoric acid. The effect of three variables, namely, activation temperature, orthophosphoric acid/lignin weight ratio and time of impregnation, was discussed with respect to the resultant PSDs.
INTRODUCTION
Nitrogen adsorption at 77.35 K is a standard method to determine the pore-size distribution (PSD) of porous carbons. Although it is possible to accurately measure adsorption uptakes, extracting the structural characteristics of the porous material from such experimental data with a similar level of accuracy is difficult. Therefore, it is always necessary to use a model for interpreting the experimental information. The traditional methods (Rouquerol et al. 1999 ) based on Kelvin equation relate pore size to condensation pressure. These approaches are derived from thermodynamic considerations and can accurately predict adsorption uptakes in very large pores. However, the accuracy of these approaches progressively declines as the pore size becomes narrower, and fails completely when the pore size is so small that the effect of the size of the molecules of the fluid and the pore walls becomes important (Lowell et al. 2006) . Recent advances (Gelb 2009) in modelling of adsorption behaviour by molecular simulation and density functional theories have led to a better understanding of the interactions of adsorbed species with the surface of porous materials. Recently, Landers et al. (2013) reviewed the state-of-the-art density functional theory (DFT) methods for adsorption characterization of microporous and mesoporous materials.
Lignin is very often used as a fuel, but the separation of lignin and its utilization as a precursor of activated carbon (AC) is an interesting alternative to burning (Hayashi et al. 2000) . Previous studies have shown the feasibility of the production of AC by chemical activation with H 3 PO 4 (Fierro et al. , 2006 (Fierro et al. , 2007a Mussatto et al. 2010) , KOH (Fierro et al. 2007b; Babel / and Jurewicz 2008) , NaOH Li et al. 2011 ), K 2 CO 3 (Yong et al. 2010) and ZnCl 2 (Gonzalez-Serrano et al. 1997) . The adsorptive applications of lignin-derived ACs are abundant (Suhas et al. 2007; Babel / and Jurewicz 2008; Blanco et al. 2008; Fierro et al. 2008; Albadarin et al. 2011) . Activation conditions such as activating agent-to-lignin weight ratio, heating rate, final temperature and flow rate or nature of inert gas have an important effect on carbon yield, surface area and PSD of the ACs.
In this work, we used ACs produced by activation of lignin with orthophosphoric acid. We studied the effect of carbonization temperature, orthophosphoric acid-to-lignin weight ratio and impregnation time on the resultant PSDs. The theoretical approach applied to the nitrogen adsorption isotherms is the DFT developed by Kierlik and Rosinberg (1990) in combination with a numerical method of regularization. Previous studies using DFT and regularization method have shown the applicability of this methodology to adsorption process in disordered porous materials, because their pores are mostly of molecular dimensions. For example, there is a review devoted to pore characterization of carbonaceous materials using DFT and Grand Canonical Monte Carlo simulations (Do and Do 2003) , whereas Gelb (2009) reported recent efforts to use molecular simulation techniques to better understand the structure and performances of several classes of materials, including phase-separated gasses, sol-gel-derived materials, template silica materials and ACs. In a more recent review, Gubbins et al. (2011) also discussed ab initio and molecular dynamics approaches. Among the works showing the feasibility of DFT for PSD calculations, Roussel et al. (2006) applied DFT to ordered microporous carbons, and one of us applied it to phase-separated glasses (Figueroa-Gerstenmaier et al. 2003a) .
In summary, the goal of this study is to apply the statistical mechanics tools to investigate the effect of some experimental conditions for producing ACs from lignin, and to show the suitability of this technique to better understand adsorption data. The paper is organized as follows: In the "Experimental and Molecular Modelling" section, the experimental and molecular modelling procedures are presented; experimental results are discussed in the "Results" section, and finally conclusions are presented.
EXPERIMENTAL AND MOLECULAR MODELLING

AC Synthesis and Characterization
Kraft lignin was provided by LignoTech Ibérica SA, and an 85% H 3 PO 4 solution (Panreac, Spain) was used as the activating agent. Details on analyses of lignin are given elsewhere (Fierro et al. 2004) .
Lignin (L) was mixed with various amounts of orthophosphoric acid (P) in the range of P/L weight ratios of 0.7-1.8 on a wet basis. The slurry was left at room temperature and under air atmosphere for various impregnation times ranging from 1 to 48 hours, and was then transferred to a DUM Model 10CAF oven in which carbonization was carried out in air. The oven was heated at 10 K minute -1 up to 423 K, and this temperature range was maintained to allow free evolution of water for 1 hour. Afterwards, the oven was heated at 10 K minute -1 up to the carbonization temperature, within the temperature range of 673-923 K, which was maintained for 2 hours. To remove the excess H 3 PO 4 after carbonization, the cooled mass was extensively washed with distilled water until a neutral pH was attained. The control of pH was made using a CyberScan PC 510 pH meter with a Hamilton-electrode FLUSHTRODE, specific for deionized water. The samples were then dried in an oven at 383 K overnight.
Nitrogen isotherms were determined at 77.35 K using a Micromeritics ASAP 2000 automatic adsorption apparatus. Surface areas, S BET , were determined by the BET calculation method (Brunauer et al. 1938) applied to the adsorption branch of the isotherms. The micropore volume, V DR , was determined according to the Dubinin-Radushkevich (DR) method (Dubinin 1989 and refs. therein) , with correlation coefficients equal to or higher than 0.999. The total pore volume, sometimes referred to as the so-called Gurvitch volume, V 0.99 , was defined as the volume of liquid nitrogen corresponding to the amount adsorbed at a relative pressure P/P 0 = 0.99 (Gregg and Sing 1982) . The BET surface areas and pore volumes were estimated with a typical, maximum, uncertainty of 3%.
DFT Approach
Nitrogen adsorption behaviour has been modelled as adsorption isotherms calculated from the Kierlik and Rosinberg's version of non-local DFT (Kierlik and Rosinberg 1990) . Using such a methodology, the density ρ(r) of the adsorbate confined in a pore at a given chemical potential µ and temperature T is determined by minimization of the grand thermodynamic potential. The equilibrium properties of the fluid can be obtained by minimizing this grand functional potential with respect to the local density at constant chemical potential and under appropriate boundary conditions, resulting in the following Euler-Lagrange equation:
(1) This equation is an implicit relationship to be satisfied at every space point r′, and whose functional inversion yields the density profile in terms of chemical potential. In equation (1), ϕ att and ϕ ext are the attractive and external potential fields, respectively, Φ is the hard-sphere excess free energy per particle, n α is the weighed density and ω (α) is the weight function, whose expressions have been detailed elsewhere (Kierlik and Rosinberg 1990; Figueroa-Gerstenmaier et al. 2003b ), k B is the Boltzmann constant and Λ is the de Broglie wavelength.
Model Description
Fluid-Fluid Interactions
The mean-field part of the Euler-Lagrange equation [third term of equation (1)] is modelled by splitting the potential into repulsive (reference) and attractive (perturbative) components, according to the conventional Weeks, Chandler and Andersen perturbation scheme (Weeks et al. 1971) , splitting the Lennard-Jones (LJ) potential at the minimum 
with r min = 2 1/6 σ. In this approach, the reference system is replaced by a system of hard spheres with a temperature-dependent diameter d(T*), T* being the reduced temperature, where T* = k B T/ε. The σ and ε are the standard LJ potential parameters. We have used the mapping from LJ to hard spheres developed by Verlet and Weiss (1972) and Lu et al. (1985) ( 3) where the coefficients η 1 = 0.3837, η 2 = 1.035, η 3 = 0.4249, η 4 = 1, fitted by Peterson et al. (1986) to match the bulk phase diagram of the LJ fluid. The excess Helmholtz free energy per particle of the reference system, Φ, is taken from the scaled particle theory (SPT; Reiss et al. 1959; Helfand et al. 1961) . To represent the fluid-fluid interactions of nitrogen molecules, we have used the spherical LJ inter-molecular potential, φ LJ (r). This potential was cut at 5σ and was not shifted. We have used the SPT equation of state (Reiss et al. 1959; Helfand et al. 1961) to fit the LJ parameters (ε ff and σ ff ) to reproduce the bulk nitrogen saturated liquid density [0.02887 mol/cm 3 (Weast 1981) ] and saturation pressure (1 atm) at the normal boiling point of 77.35 K. The potential parameters obtained in this work are shown in Table 1 . Figueroa-Gerstenmaier et al./Adsorption Science & Technology Vol. 32 No. 1 2014 
Solid-Fluid Interactions
Carbon micropores are usually modelled as a collection of slit-like pores, having graphitic walls of infinite length. The carbon-nitrogen interactions are described by the 10-4-3 potential of Steele (1974) , which is widely used for modelling interactions of simple molecules adsorbed on graphite (4) where ρ s = 114 nm -3 is the atomistic density of graphite, ∆ = 0.335 nm is the inter-layer spacing in graphite, ε sf and σ sf are the energetic and scale parameters of the solid-fluid LJ potential, respectively, and H is the separation between opposite walls and z is the perpendicular coordinate to the planes of the walls. The values of these parameters are fixed by Lorentz-Berthelot combining rules using the standard parameters σ ss and ε ss of graphite (Seaton et al. 1989) , and can be found in Table 1 . The potential field in micropores includes contributions from two opposite walls: 
Pore Properties
In this work, the volume of the pore was defined as a function of the effective diameter, w eff , in the following way:
where H is the separation between two planes. The average density of nitrogen inside the pores is represented as follows:
where ρ bulk is the density of nitrogen at the same thermodynamic conditions (T and P).
PSD Calculations
One of the simplest ways to model the behaviour of the experimentally measured adsorption isotherms is using an independent pore model (Seaton et al. 1989) . This means that an experimental adsorption isotherm can be represented as a set of independent, non-inter-connected pores of ideal and simple geometry of different sizes. Usually, pores have a slit shape in ACs, and a cylindrical geometry in glasses, oxides, silicas, etc. Therefore, an experimental adsorption isotherm Γ(P) represents an average over all values of the pore sizes existing in the porous material, such as (8) where ρ E (P,H) represents the theoretical isotherm at some specific size H, f(H) is the PSD and the sum is over the range of pore sizes (H min to H max ). To obtain the PSD, it is necessary to invert this integral equation. Moreover, equation (8) represents an inhomogeneous Fredholm equation of the first kind, which reads as follows:
and its solution is well-known to be an ill-posed problem (Press et al. 1992 ). However, the integral equation of Fredholm of the second kind
has a unique solution 'u' that is dependent on g, which is continuous, that is, it is a wellconditioned problem. Therefore, it would be reasonable to take an approximate solution of (9) and (10) with small values of λ R . This is the base of the general theory of regularization (Press et al. 1992 ).
Because we are only interested in the numerical values of f(H), we can rewrite equation (8) as a summation (11) where Γ(P) is an experimental adsorption isotherm interpolated at values of pressure P, ρ E (P, H i ) is a matrix of values for theoretical isotherms, with each row calculated at a value of H i at pressure P and f(H i ) is the solution vector whose terms represent the volume in the sample characterized by each pore size H i . The desired solution values are those that most closely, in a least squares sense, solve equation (11).
Because the data Γ(P) contains some experimental error and the kernel models are not exact, we can expect the results, f(H i ), to be only approximate. Indeed it is a characteristic of deconvolution processes to be unstable with respect to small errors in the data. This problem can be mitigated by the choice of matrix dimensions. If we consider 'm' members of the set of H and a vector P of length 'n', it is clear that n × m must hold. If n = m, the solution of vector f(H i ) is most sensitive to imperfections in the data. For n > m, the solution is stabilized because of the additional data constraints. In this work, we used an over-determined matrix for which n > m.
There are additionally two other independent constraints on the solution that can be used to improve the stability of the process. One is that each f i should be non-negative. The second regularization constraint requires that, for any real sample, the PSD must be smooth. As a measure of smoothness, we use the size of the second derivative of f(H i ). Then, the function to be minimized reads (12) The problem is now reduced to finding f(H i ) such that the first term of equation (12) is small (a good fit to the data), and that the second one is small too (a smooth PSD), and f(H i ) ≥ 0 (no negative pore volume). The constant λ R has been introduced to give an adjustment to the relative weight, or importance, of the two terms. If the model is good and the data are very accurate, λ R should be very small. Large values of λ R are related to the smoothness of the resulting curve.
Finding the vector f(H i ) that minimizes F subject to the constraint f(H i ) ≥ 0 is a standard problem in pure linear algebra and can be solved exactly. In particular, here we have used the Levenberg-Marquardt method (Press et al. 1992) to find the solution of our problem. Table 2 shows the structural parameters determined from nitrogen adsorption data at 77.35 K for the 12 prepared ACs. When keeping the P/L ratio fixed at 1.4 and the impregnation time fixed at t = 1 hour, S BET increased with temperature until a maximum as high as 1350 m 2 g -1 was observed at 873 K. At higher temperatures, the surface areas were considerably reduced. Nitrogen 
RESULTS
Experimental Results
adsorption isotherms approached type I (Langmuir), indicating an essentially microporous character with some contribution of wider pores (mesopores and macropores) depending on the carbonization temperature. The highest fraction of microporosity was found at 673 K. Increasing the carbonization temperature induced the development of mesoporosity. Thus, the ACs prepared at 923 K exhibited the highest fraction of mesopores and a considerably reduced amount of micropores. At 923 K, a decrease of the total pore volume was observed due to shrinkage of the material. The highest S BET was attained at P/L = 1.2 (keeping t = 1 hour and T = 723 K) and any further increase of the P/L ratio produced a decrease of S BET . The highest micropore fraction was found for the carbon prepared with the lowest P/L ratio. As P/L ratio increased up to P/L = 1.2, the micropore volume also increased but only to a lower extent than did the mesoporous volume. Higher values of the P/L ratio reduced the total pore volume and affected the micropore and mesopore volumes in a similar way. Moreover, the macropore fraction increased with the P/L ratio. The use of a P/L ratio of 1.2 led to an AC having the highest S BET at 723 K (S BET = 1049 m 2 g -1 ) and the highest total pore volume (V 0.99 = 0.47 cm 3 g -1 ). Detailed discussion of these results and the effect of the amount of orthophosphoric acid on surface area and PSD is given elsewhere (Fierro et al. 2004) .
ACs were also prepared by changing the impregnation times from 1 to 48 hours. Table 2 shows the corresponding changes of BET surface area for carbons prepared at 873 K and P/L = 1.4. Higher impregnation times led to lower BET surface areas, the magnitude of such a decrease being more important with the increase in temperature. The surface area decreased from 1305 to 956 m 2 g -1 from 1 to 48 hours of impregnation time, respectively.
Theoretical Adsorption Isotherms and Experimental Data Fitting
The calculated adsorption isotherms of nitrogen in carbon pores having one single width have been obtained for an extensive range of pore sizes from 0.65 to 20 nm (50 isotherms in total). Because the carbons are essentially microporous, and as little adsorption is observed in larger pores, higher pore sizes were not included in the analysis. We calculated 90 different points in each isotherm (a suitable grid was chosen), and to have enough experimental points at the same values of relative pressure as in the modelled isotherms, interpolation with a standard spline numerical method was carried out. Figure 1 shows the theoretical adsorption isotherms at some selected pore sizes ranging from 0.7 to 2.9 nm. As expected, different adsorption behaviours were found, depending on the studied pore size range. For the narrowest pore size, almost all the adsorption already took place at the lowest pressure considered. The pore was saturated and presented the highest level of adsorption (in mol/g). As pore size increased, a type I (monolayer) behaviour was observed and, for wide pores, the characteristic behaviour of mesopores was observed, that is, the formation of multilayers at low pressure and a clear capillary condensation at higher pressure. One of the advantages of this particular method of DFT is that its layering transitions are soft and, by taking many values of pore sizes and many points of relative pressure, it is possible to have a very good fitting. The results of these fittings for all the 12 experimental isotherms obtained in this work are presented in Figures 2-4 . Figure 2 shows nitrogen adsorption isotherms at 77.35 K on carbon samples prepared at different activation temperatures, P/L ratio of 1.4 and impregnation time of 1 hour. This figure also shows that the DFT fits to the experimental data, calculated for slit-shaped pores. The calculated isotherms perfectly fitted the experimental ones. The agreement was also good for the rest of isotherms as seen in Figures 3 and 4 , where we present the nitrogen adsorption isotherm at 77.35 K on carbon samples prepared at different P/L ratios and impregnation times, respectively. Figure 5 shows the effect of the carbonization temperature, from 673 to 923 K, on the calculated PSDs. ACs were prepared at P/L = 1.4 with an impregnation time of 1 hour. Maximum PSD shifted towards higher pore diameters as activation temperature increased. The steady increase of surface area with temperatures up to 873 K would correspond to the evolution of compounds produced from the cross-linking reactions. The latter preserves the structure of the polymer while the BET surface area and porosity increase up to 873 K. At higher temperatures, the degradation of the phosphate and polyphosphate bridges, already observed by the decrease of phosphorus 30 S. content in the ACs with temperature , would weaken the structure. The resultant collapse would then lower both the BET surface area and the pore volume. Moreover, the loss of the protecting layer of P 2 O 5 and the resultant combustion of the carbon also explain this reduction in the surface area and the porosity. Figure 6 shows the effect of the P/L ratio, from 0.7 to 1.8, on the calculated PSDs. As P/L increased, the average pore diameter in the micropore range also increased and mesoporosity developed. Porosity is generated with orthophosphoric acid remaining intercalated in the internal structure of the biopolymer material in the form of phosphate and polyphosphate compounds (Jagtoyen and Derbyshire 1993), hindering the shrinkage. As P/L increases, it is reasonable to 32 S. expect an increase in the volume filled by polyphosphate compounds as long as orthophosphoric acid can react with lignin on the one hand, and a weakening of the structure due to the attack of the excess acid on the other hand. Figure 7 shows the effect of the impregnation time, from 1 to 48 hours, on the calculated PSDs. The volume of pores in the mesopore range also increased due to the degradation of the biopolymer. When the impregnation time was increased up to 48 hours, the biopolymer was extensively degraded and the structure collapsed, with pores between 10 and 12 nm appearing together with micropores of smaller diameter. Previously we have shown that higher impregnation times promote the diffusion of orthophosphoric acid in the material and its role in the cross-linking reactions (Fierro et al. 2006) . Because lignin is a powder, orthophosphoric acid reacts rapidly with it, but it seems that it could also damage the polymeric structure at impregnation times higher than 1 hour, thus leading to lower pore volumes and lower surface areas.
CONCLUSIONS
We have developed a model for characterization of porous solids, based on the DFT approach. The results demonstrate that our DFT model satisfactorily predicts the adsorption isotherms. The calculated PSDs allow a clear interpretation of the effect of activation conditions on the texture of ACs.
